Moderately thermophilic sulfate-reducing bacteria are found in a wide range of anaerobic environments, including geothermal regions. The extremely thermophilic sulfate reducers are members of the Archaea; however, the moderately thermophilic sulfate reducers are true bacteria, and all of these bacteria fall in the genera Desulfotomaculum, Thermodesulfobacterium, and Thermodesulfovibrio (19, 20, 36) . The genera Thermodcsulfohacterium and Thermodesulfovibrio are genera that contain non-endospore-forming, thermophilic, sulfate-reducing rods. The genus Desulfotomaculum contains endospore-forming sulfate-reducing bacteria, including seven thermophilic species isolated from thermal groundwater and springs and from anaerobic digestors ( Table 1 ). An important role of Desulfotomaculum species in these environments is the oxidation of organic compounds with concomitant reduction of sulfate and other sulfur oxyanions to sulfide.
We describe here two new sulfate-reducing Desulfotomaculum species, including a strain isolated from a geothermal spring (23) and a group of new isolates obtained from a deep terrestrial subsurface environment (6).
(Some of the results of this work have been presented previously [5] .)
MATERIALS AND METHODS
Inoculurn for isolation of new strains. Subsurface samples were obtained as part of an cxpcriment to determine whether viable bacteria exist in geological strata that probably have been isolated hydrologically from the surface for more than 10' years. Samples were taken laterally from the sidewall of a well (10) . The samples, which were obtained from 2.7 km below the land surface in the Taylorsville Triassic Basin in Virginia, consisted of fine-grained, laminated siltstone (2, 5 , 6) . The in situ conditions of the sample site were estimated to be thermal (60°C), brackish (1.2% NaCI), and anoxic (2) . The samples were immediately placed in a chamber containing an inert atmosphere, pared to remove the potentially contaminated surface portions, and then shipped on ice to a laboratory within 24 h (10). The samples were inoculated into enrichment cultures for a variety of bacterial physiological groups, and predominantly anaerobic thermophilic bacteria, including fermentative, iron-reducing, sulfate-reducing, and denitrifying bacteria, grew (5, 6) . The possibility that the organisms might be the result of contamination during the drilling and sampling process was eliminated by several lines of evidence (2, 5, 10) . Two of the most significant lines of evidence were the finding that some bacteria occurred in very large numbers in the drilling mud yet were not present in detectable numbers in the samples and the finding that when large numbers of microscopic latex beads were added to the drilling mud at the site of sample collection, beads were absent from the pared rock samples.
Sources of cultures. Desulfotomaculum nigrificum Delft 74T (= ATCC 1999ST) was obtained from the American Type Culture Collection (Rockville, Md.). The western branch of the DOE Subsurface Microbial Culture Collection (SMCC) (Oregon Graduate Institute, Portland, Oreg.) provided strain SLTT (= SMCC W644T).
Culture methods and media. Strains were cultured by using serum tube modifications of the anaerobic techniques of Hungate (21) . Cultures were grown at 55°C in modified MS medium. MS medium is an anaerobic medium with a bicarbonate and CO, buffer system (the headspace gas is N,-CO,, [7:3] ) and contains minerals, yeast extract (2 @liter), peptones (2 @liter), and mercaptoethanesulfonate as a reducing agent (4). This medium was modified by flushing it with N, to raise the pH to 7.8, and in order to eliminate precipitates that would otherwise occur at higher pH values, we further modified the medium by decreasing the concentration of calcium chloride dihydrate to 0.08 @liter. This modified medium (MSA medium) was used for routine growth of cells by adding 10 mM sodium sulfate and 20 mM lactate, which served as catabolic substrates. MSA mineral medium was the same as MSA medium except that the organic constituents (peptones, yeast extract, and mercaptoethanesulfonate) were omitted. The medium which was used for enrichment of bacteria from the deep subsurface (which led to the isolation of strains which we refer to as the Thorn Hill strains, including strains TH-llT, TH-12, TH-13, TH-14, TH-15, and TH-16) was medium B (37) . Medium B contained (per liter) 3. ' -, negative; +, positive; v, variable (11 to 89% of the strains are positive); (w), weak; ND, not determined.
None means that the organism is able to grow in medium containing H,, CO,, and sulfate without organic compounds.
' All of the Thorn Hill strains grew at 60"C, and none grew at 70°C; strains TH-llT, TH-12, and TH-16 did not grow at 65"C, but the other three strains did.
" Although strain TH-llT did not grow at pH 6, the other five Thorn Hill strains did. No pH value below 6.0 was tested.
f The previously reported cell width is 0.3 to 0.5 pm (9), but by using wet mounts and phase-contrast microscopy, we determined that the cell width is 1 to 1.2 pm fi Formate oxidation has been reported previously (25) , although Campbell and Postgate (9) determined that this compound could not be used. /' Confirmed in this study.
' Our data indicate that sulfite is not reduced, but previously published data (11, 33) indicate that it is.
J Determined in this study. The Gram stain results obtained for the type strain vary.
' The inability to reduce sulfite was confirmed in this study.
'v The reported growth range includes temperatures up to 85"C, but the reported optimum temperature of 60 to 65°C suggests that the maximum temperature may " The G+C content was 56 mol% when it was determined chemically, but it was 58 mol% when it was determined by the thermal melting point method.
and the cell length is 3 to 6 pm.
be below 85°C.
supplemented with 18 g of purified agar per liter were used for isolation of the Thorn Hill strains. The pHs of some of the culture media were adjusted to values other than 7.2. The medium pH was adjusted to values between 6.8 and 8.0 by changing the C 0 2 content of the gas (the balance of the gas was N,). MSA media with pH values higher than 8.0 were obtained by equilibrating with a gas phase consisting of pure N2 and adjusting the pH by adding Na,CO,. MSA media with pH values below 6.8 were obtained by equilibrating with pure CO, and adjusting the pH by adding HCI.
Measurement of growth. Growth rates of cultures in MSA medium were calculated from the increases in optical density at 600 nm of the cultures. The specific growth rates (p) were estimated by using the software package TableCurve 2D, version 2.00 (AISN Software, Inc.), to determine the least-squares fit of the Gompertz equation (18, 51) to the increase in optical density versus time. The optimum temperature was determined by a least-squares fit of the square root equation (40) to the p measured at various temperatures. This equation describes the relationship between p and temperature, predicting p = 0 at the minimum and maximum temperatures and positive values for p in between (see Fig. 1 ). Although the equation predicts p = 0 at the maximum growth temperature, it incorrectly predicts p > 0 at temperatures above the maximum temperature (SO), so we modified the equation by stipulating p = 0 at temperatures above the maximum temperature.
Physiological and morphological tests. The range of electron donors for sulfate reduction was determined by inoculating cultures into MSA medium containing a potential electron donor at a concentration of 20 mM (or 50 kPa of H,), 20 mM sulfate as the electron acceptor, and 0.5 mM FeSO, * 7HzO. The ability of strains to use electron acceptors was determined by inoculating strains into MSA medium containing 20 mM lactate plus a potential electron acceptor at a concentration of 10 mM. For the insoluble electron acceptors ferric hydroxide, MnO,, and sulfur, 10 mmol/liter was added (6) . Growth was monitored by measuring absorbance and was compared to the growth of controls. Growth of cultures on insoluble substrates was monitored in two ways. Visual comparison with uninoculated controls allowed detection of the depletion of insoluble substrates, such as MnO, and sulfur, which cause turbidity in media unless they are reduced (to sulfide and manganous ion, respectively). In the case of ferric hydroxide, reduction is accompanied by changes in appearance and precipitation of siderite. Results determined in this way were confirmed by microscopically examining the cultures (to detect increased microbial numbers compared with inoculated control cultures that lacked lactate). Gram staining was performed by the Hucker method (13).
Lipid analysis. Lyophilized cell material (50 mg) was suspended in 142.5 ml of buffered solvent (chloroform-methanol-phosphate buffer [pH 7.41, 1 :2:0.8 [vol/ vol/vol]) (49), sonicated for 2 min, and extracted for 3 h, with mixing once each hour. Chloroform (37.5 ml) and deionized water (37.5 ml) were added, and the mixture was then vigorously shaken and stored overnight. The lower phase was removed, placed into a clean test tube, dried under a stream of N,, and redissolved in a minimal volume of chloroform. This solution was placed on a silicic acid column, and neutral lipids, glycolipids, and polar lipids were eluted with chloroform, acetone, and methanol, respectively (49) . The polar lipids were collected, converted to methyl esters (49), separated by gas chromatography with a model HP5890-I1 gas chromatograph (Hewlett-Packard) equipped with a type HP-1 column (50 m by 0.2 mm [inside diameter]), and detected with a model HP5971 mass selective detector (Hewlett-Packard) by using EI + ionization at 70 eV (35, 41) .
A principal-component analysis of the polar lipid fatty acids was performed by using arcsin-transformed moles percent values and the software package Ein*Sight (version 3.0) (InfoMetrix, Inc., Seattle, Wash.).
Analytical methods. Sulfide was measured by the methylene blue method ( 4 9 , and acetate was measured by gas chromatography (3) .
Phylogenetic analysis of rDNA sequences. Cells of strain SLTT were grown as described previously (24) . Genomic DNA was extracted, and 16s ribosomal DNA (rDNA) genes were amplified by PCR (38, 39) . Purified PCR products were sequenced with a Taq DyeDeoxy terminator cycle sequencing kit (Applied Biosystems, Foster City, Calif.). The sequence reaction mixtures were analyzed with an Applied Biosystems model 373A DNA sequencer.
DNAs were isolated from the Thorn Hill strains by the chloroform-isoamyl alcohol procedure (22) . Approximately 20 ng of DNA was used as a template for PCR amplification (42) of a 1,362-bp continuous rDNA sequence corresponding to Eschen'chia colz positions 14 to 1397. The PCR amplification primers (48) used were fDl (AGAGTITGATCCTGGCTCAG) and rP2 (ACGGCTACCTTGTT ACGACTT). The PCR amplification products were sequenced with an Applied Biosystems model 373A DNA sequencer by using the Tuq DyeDeoxy terminator cycle sequencing method (1, 32) . The following primers were used for sequencing: C (ACGGGCGGTGTGTAC) (29) , corresponding to positions 1406 to 1392 in the 16s rDNA nucleotide sequence of E. coli (43) to construct the most parsimonious phylogenetic tree. Only the phylogenetically informative sites were considered, and alignment gaps were retained in the analysis. A heuristic search was carried out first (with standard program defaults), a1 ter which a bootstrap analysis placed confidence limits on the branch points of thc resulting phylogenetic trees. Consensus phylogenetic trees for each alignment set were produced by bootstrapping at the greater-than-50% confidence limit. with 100 replications (16) .
The phylogenetic positions of the Thorn Hill strains and strain SLTT, inferred from their 16s rDNA sequences, were compared to the positions of the most closely relared organisms, with successive comparisons based on the analytical results of the previous alignment. The analysis indicated that all seven strains were most closely related to species of the genus Desulfotomaculum.
The aligned sequences were then analyzed with parsimony and distance matrix methods. The parsimony analysis was performed with the program Phylogenetic Analysis Using Parsimony as described above. The distance matrix analysis was carried out by using the PHYLIP package of microcomputer programs (16) . Distances were calculated by the method of Jukes and Cantor (23), after which phylogenies were estimated with the FTTCH option, which makes use of the Fitch-Margoliash criterion (17) and some related least-squares criteria.
RESULTS AND DISCUSSION
Isolation of strains. The isolation of strain SLTT has been described previously (24) . Sulfate-reducing bacteria from the deep subsurface were enriched from rock samples obtained at a depth of 2.7 km below the ground surface. Enrichment cultures were prepared by inoculating small pieces of rock (50 mg) into medium B adjusted to one of three pH values (pH 7.2, 8.2, and 0.2) and then incubating the cultures at 50°C. The enrichment cultures at pH 7.2 and 8.2 grew and produced a visible black precipitate within 30 days, but the culture at pH 9.2 did not grow. The growing cultures were diluted and inoculated into roll tube media for isolation. After incubation, colonies were picked and reinoculated into roll tube media for purification. The resulting isolates were deposited in the SMCC. The following four pure cultures of sulfate-reducing bacteria were isolated from the culture at pH 7.2: strains TH-(= SMCC W461), and TH-14 (= SMCC W462). Two cultures, strains TH-15 (= SMCC W463) and TH-16 (= SMCC W464), were isolated from the enrichment culture at pH 8.2. These six strains are referred to collectively as the Thorn Hill strains.
llT (= SMCC W459T), TH-12 (= SMCC W460), TH-13
Morphology. The morphology of strain SLTT (Table 1) has been described previously (24) . The cells of the Thorn Hill strains were rods that were 1 to 1.1 pm wide and 2 to 5 pm long. The Gram stain results were negative; most other Desulfotomaculum species are gram negative, but all Desulfotomacufum strains that have been examined by electron microscopy have a typical gram-positive cell wall morphology (Table 1) . Endospores were observed in malachite green-stained preparations and by phase-contrast microscopy; the endospores were oval and paracentral. No gas vacuoles were observed. Motility was obvious in wet mounts that were warmed to about 50°C.
Catabolic substrates. All of the Thorn Hill strains grew by oxidizing lactate stoichiometrically to acetate while they reduced sulfate to sulfide. In the presence of sulfate as an electron acceptor, these organisms also grew by oxidizing formate, H,, or pyruvate. Methanol was used weakly (only a small increase in turbidity was observed), but growth was slightly stronger when the concentrations of peptones and yeast extract (normally 2 g/liter) were reduced to 0.5 g/liter. We tested methanol catabolism by strain SLTT and Desulfotomacufum nigrificans under these conditions, and neither organism catabolized this compound (as reported previously [9] ). None of the Thorn Hill strains grew by using acetate, propionate, butyrate, glucose, malate, succinate, or Casamino Acids when sulfate was present as the electron acceptor (Table 1 ). Strain TH-11' did not use caproate, crotonate, or benzoate as an electron donor for sulfate reduction (the other Thorn Hill strains were not tested). All of the Thorn Hill strains also grew by oxidizing lactate and reducing thiosulfate or sulfite, but these organisms did not grow by reducing nitrate, MnO,, or ferric hydroxide. Although strain SLT' is reportedly unable to grow by using sulfite as an electron acceptor, we found that it could reduce sulfite ( Table 1 ). The Thorn Hill strains grew on pyruvate, but not on lactate, glucose, or fructose in the presence of CO, as the only potential electron acceptor.
Physiology. All six Thorn Hill strains were thermophilic, growing at 40 and 60°C but not at 35 or 70°C. Some strains could grow at 65°C. The estimated temperature range of strain TH-ll', as determined by fitting the square root equation (40) to p at various temperatures, was 22 to 65"C, and the most rapid growth was estimated to occur at 64°C (Fig. 1) .
Strain TH-llT grew fastest at pH 7.0 to 7.9 ( Fig. 2) , as did D. nigrificans and strain SLT' . The pH range for growth of each of these organisms is shown in Table 1 .
All of the Thorn Hill strains grew in MSA mineral medium containing H, plus sulfate as the catabolic substrate (after four sequential transfers with 2% inocula). Calcium was required for growth, and the growth of strain TH-llT was completely inhibited by the presence of 2% NaCl.
These physiological characteristics are consistent with survival and growth of the Thorn Hill strains in their habitat, although it is impossible to know how long these organisms may be able to survive in such an environment. It is possible that these sulfate-reducing bacteria, like Bacillus infernus, which was isolated from the same environment (6), grow vegetatively in rock until their substrates are exhausted and then survive for long periods of time as endospores while local substrates are replenished by diffusion from surrounding rock.
Membrane lipids. The phospholipid fatty acid profiles of the six subsurface isolates are shown in Table 2 . The lipids in these organisms are characteristic of the fatty acids of the sulfatereducing bacteria in general (27, 35, 41) and of the genus Desulfotomaculum in particular. The characteristic fatty acids include terminally methyl-branched saturated fatty acids with the is0 configuration predominating (27) and terminally methyl-branched monounsaturated fatty acids, such as i17:107c (27, 46) . The proposed similarity between the subsurface isolates and the genus Desulfotomaculum was illustrated by the results of the principal-component analysis of the phospholipid profiles of the subsurface strains and 23 surface isolates of sulfatereducing bacteria (Fig. 3) . Phospholipid profile similarities often reflect phylogenetic similarities as measured by 16s rRNA similarities (26) , and the profiles indicate that there are similarities between the surface and subsurface strains. However, the Thorn Hill strains lacked detectable 10me16:O fatty acid, although this acid was present in D. nigrificans ( Table 2) . This acid has been described as a biomarker for the genus Desuffobacter (26), although it is also present in Desuffovibrio, Desulfobucterium, and Geobacter species (26) . The profiles of the subsurface strains were also distinguished from the profiles of surface Desuffotomacufum strains by the presence of terminally methyl-branched monounsaturated acids (viz., i15:107c, i16: lw8c, and i16:106c), which are common to a number of sulfate-reducing bacteria (14, 26, 46) .
Guanine-plus-cytosine content. The DNA of strain TH-11' had a guanine-plus-cytosine content of 47.1 2 0.7 mol%; the other Thorn Hill strains had DNA guanine-plus-cytosine contents of 46.5 to 47.6 mol%.
Phylogenetic analysis of 16s rRNA sequences. On the basis of 16s rRNA and rDNA sequences, strain TH-11' was most similar to D. nigriificans and Desulfotomaculum ruminis (Fig. 4) , and strain SLTrr was most similar to Desulfotomaculum austrulicum and Desulfotomaculum thermobenzoicurn, Taxonomic analysis. The results of phylogenetic analyses clearly indicated that strains TH-llT and SLT" are members of the genus Desulfotomaculurn. Strains TH-11" and SLTr are also clearly distinguished phylogenetically from each other and from the most closely related members of the genus for which sequences are available, with the closest relatives exhibiting about 95% sequence similarity. Levels of sequence similarity of <98% indicate that the phylogenetic distance is great enough for placement in a separate species (7, 12) , and establishment of a new species should require phenotypic as well as phylogenetic differences (47) .
Taxonomy of strain TH-llT. Table 1 shows phenotypic characteristics of strains TH-11" and SLTT, previously described '' Fatty acids that account for 4 . 7 5 mol% of the total fatty acids. justify its placement in a new species. The difference in temperature range alone is sufficient to distinguish TH-1 l r from D. ruminis, and there are other phenotypic differences, such as cell width, methanol utilization, and the ability to grow without acetate (Table 1) . Strain TH-llT differs from D. nigrificans in the following ways: cells of TH-lT are much wider than D. nigrificans cells; TH-llT uses sulfite as an electron acceptor; TH-llT uses methanol as an electron donor; TH-llT grows without any growth factors; and TH-11" has a lower maximum temperature than D. nigriificans (Table 1) . Therefore, below we propose a new Desulfotomaculum species with strain TH-11 as the type strain. Description of Desulfotomaculum putei. Desulfotomaculum put& (pu'te.i. L. gen. n.putei, of a pit or well, referring to the source of the type strain, an exploratory gas well). Cells are motile rods that are 1 to 1.1 by 2 to 5 km. Endospores are paracentral and oval. Strictly anaerobic. Thermophilic. Growth occurs at pH 6 to 7.8. Growth is respiratory with formate, H,, pyruvate, ethanol, methanol, or lactate as the electron donor and sulfate, thiosulfate, or sulfite as the electron donor. Acetate, malate, and glucose are not catabolized, either alone or in the presence of sulfate, and sulfur is not reduced. Growth occurs on fructose or on pyruvate in the absence of an electron acceptor other than CO,, but no growth occurs on glucose. The habitat is the deep terrestrial subsurface. The type strain is TH-11 (= SMCC W459), and the reference strains include strains TH-12, TH-13, TH-14, TH-15, and TH-16.
Taxonomy of strain SLT'. Strain SLTT is phylogenetically most similar to D. australicum and D. thermobenzoicum (Fig.  4) . Strain SLTT differs from D. australicum by using formate but not acetate as an electron donor and growing only in a narrower range of pH values. Strain SLTT differs from D. thermobenzoicum by having narrower cells, by not reducing sulfite, by not using malate as an electron donor, and by not requiring yeast extract for growth. We therefore propose the new species described below. Desulfotomaculurn thermobenzoicum Desulfotomaculum thermoacidovorans -Description of Desulfotomaculum luciae. Desulfotomaculum luciae (1u'ci.ae. L. gen. n. luciae of Lucia, referring to the source of the type strain, a hot spring in St. Lucia). Cells are motile rods that are 1 by 3 pm. Endospores are central and spherical. Strictly anaerobic. Thermophilic. Growth occurs at pH 6.3 to 7.8. Growth is respiratory with formate, H2, pyruvate, ethanol, or lactate as the electron donor and sulfate or thiosulfate as the electron donor. Acetate, malate, methanol, and glucose are not catabolized, either alone or in the presence of sulfate, and sulfur and sulfite are not reduced. Growth occurs on pyruvate or lactate in the absence of an electron acceptor other than CO,, but no growth occurs on fructose or glucose. The habitat is hot springs. The type strain is SLT (= SMCC W644). We thank William B. Whitman (University of Georgia) for measuring the base content of the DNA, and we thank Ellyn Whitehouse (Florida State University Sequencing Facility) and Priya Kadam (Oregon Graduate Institute) for advice and technical assistance. We thank Peter H. A. Sneath (University of Leicester) for advice on the orthography of the specific epithets. 
